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Abstract

:

To address the large height error and attitude destabilization phenomenon in regulating the frame height of trucks with electronic control air suspension (ECAS), a height control strategy was designed. Firstly, the fundamental principles of height control were elucidated based on the single degree-of-freedom (DOF) vehicle model. The limitations of the classic non-linear mathematical model for the air spring were also highlighted. Thus, a dynamic model was constructed, consisting of an AEMSim model for the ECAS and a Simulink model for the truck. A frame height fuzzy controller was designed based on the fuzzy control theory to improve the height control accuracy and to solve the control conflict problem of the solenoid valves. Additionally, three typical control modes of the height and corresponding control strategies were proposed based on the practical requirements of usage scenarios for trucks. Finally, dynamic simulations were conducted under different modes. The results show that, compared to the existing switching control method, the proposed control approach can reduce height control errors by an order of magnitude and decrease the pitch angle by over 30%. The steady-state error remains nearly unchanged under the 30% variation of the sprung mass. The proposed control approach exhibits the superior control performance and robustness. It effectively reduces height errors and avoids the posture instability during the adjustment of the ECAS.






Keywords:


truck; electronic control air suspension; height control strategy; co-simulation












1. Introduction


To enhance the ride comfort of trucks [1,2], the popularization of the electronic control air suspension (ECAS) in truck chassis systems presents an irreversible development trend. The use of the ECAS to realize the height control of trucks provides users great convenience. However, the problems of the large height error and the attitude destabilization still need to be effectively solved during vehicle height control by the ECAS in the parking state. How to overcome the nonlinear characteristics during the inflation and deflation process of air springs, in order to achieve precise control of the height and the stable vehicle posture, has become a key issue in the field of ECAS research for trucks [3,4,5,6].



The construction of the dynamic model of the ECAS for trucks is the research basis for the control strategy. The dynamic model involves electric, pneumatic, and mechanical multi-energy field coupling. To address the outstanding problem of modeling the dynamic characteristics of the air spring model, many scholars have conducted extensive research and achieved fruitful research results. Typical studies include Yin Hang et al. [7] who proposed an air spring model with dual control equations of the pressure–temperature that can reflect the actual nonlinear dynamics of air springs. Zhu et al. [8] derived a nonlinear elastic force model for compressed air based on thermodynamic equations, which incorporated the viscoelastic force and friction of the rubber material of the airbag. Xu [9] developed a model of the dynamic vertical stiffness of an air spring system with a rubber diaphragm–throttle orifice-added air chamber based on thermodynamics and fluid dynamics. Sayyaadi et al. [10] established a nonlinear air spring thermodynamic model based on the Berg model, which described the dynamics behavior of air springs in the longitudinal, transverse, and vertical directions. However, the simplification conditions of the dynamic model of the electronic control air suspension system for trucks established based on the mathematical model of the air spring are greater, which will affect the design results of the vehicle height control strategy. This leads to a reduction of the control effect in practical engineering applications.



The height control strategy of the ECAS is the key to achieving effective height control of trucks. To this day, many control theories have been applied to the research of the ECAS control. Chen, Hyunsup, et al. [11,12] used the sliding mode variable structure control, which can effectively overcome the nonlinearities and uncertainties in the process of filling and deflating air springs. Ma et al. proposed a nonlinear model predictive control method, which aims to achieve the whole-vehicle attitude control during the vehicle height adjustment control [13]. However, the above research objects mainly focus on passenger cars with minor load variations. Their control laws are more complex and require an accurate mathematical model of the controlled object. It is difficult to apply them directly to air suspension systems for trucks. Kou et al. [14] proposed different height modes based on the vehicle’s varying loads and driving conditions, suggesting that choosing the appropriate driving height for the vehicle can effectively improve its performance. Li et al. [15], through investigation and research on vehicle driving conditions on highways, categorized the height modes of air suspension systems into three modes: inflation limit mode +20 mm, normal mode 0 mm, and deflation limit mode −20 mm. Akpakpavi et al. [16] attempted to apply switch control to the height control of air suspensions, but this method has some limitations. Setting the height deadband too small leads to frequent opening of the solenoid valve, which triggers the vehicle height oscillation and leads to attitude destabilization; conversely, the accuracy of the vehicle height control is poor. Hu et al. [17], by using the mixed logical dynamical (MLD) approach, proposed a novel control strategy to adjust the vehicle height by controlling the on–off statuses of the solenoid valves directly, but essentially, it still does not solve the limitations of the switch control method.



In summary, to address the problems mentioned above, it is necessary to conduct research on the refinement modeling and control strategy of the ECAS for trucks. Therefore, a more refined model of the ECAS based on the AMESim software (2020.1.) is established in this study. Then, using the fuzzy control theory, a control strategy of the ECAS for trucks is proposed and a design method of the height controller is built, to coordinate the contradiction between the height control accuracy and the attitude stability.




2. Fundamentals of Modeling for the Truck Height Control


The establishment studies of complex models usually start from simplified models that can better reflect their basic dynamic properties. To carry out AMESim-based modeling of the height control system for trucks, this section will elucidate the basic principles of vehicle height regulation and the shortcomings of the classical non-linear mathematical model of the air spring inflation and deflation system. Therefore, a comparative study between the AMESim model and the mathematical model is presented.



2.1. AMESim Model of the Single DOF Vehicle with the ECAS


Figure 1 and Figure 2 show the air spring inflation and deflation circuit sketch and the physical model of the single degree-of-freedom (DOF) vehicle with the ECAS, respectively. In Figure 2, ms is the sprung mass, Cs is the damping coefficient, Fa is the vertical force of the air spring, and zs and q are the vehicle vertical displacement and the displacement excitation of the road, respectively. Based on the schematic diagram of the air spring inflation and deflation circuit and the physical model of the single DOF vehicle, a simulation model of the single DOF vehicle with the ECAS is built in AMESim (Version 2020.1) software, as shown in Figure 3.



In the model shown in Figure 3, the mechanical part is composed of the mass block, the damper, connectors, the signal input terminals, and the output terminals, which are sourced from the mechanical library provided by AMESim software. The air spring is composed of the movable cylinder piston element and the variable volume air chamber provided in the pneumatic component library. The electrical circuit part is composed of a three-position solenoid valve with three-way and a pressure-adjustable air source. The suspension status information collected by the sensors is transferred to the Simulink controller through the data transfer module. At the same time, the Simulink controller transmits the solenoid valve opening signal to the solenoid valve module. In addition, the excitation signal can be output by the Simulink module. The selection of sub-models is shown in Table 1, and the default sub-models of the software are used for the unmarked models.




2.2. Mathematical Model of the Single DOF Vehicle with the ECAS


Many assumptions are usually made about the air spring inflation and deflation system for mathematical modeling of the ECAS. Among them, the basic assumptions are as follows [18]:



(1) the air in the system is the ideal gas and has no gas leakage; its kinetic and potential energy are negligible; (2) the air compressor and storage tank are simplified as a high-pressure gas source, and the external environment is simplified as a low-pressure gas source, and the values of the air pressure and temperature are constant; (3) the air spring inflation and deflation process can be likened to a variable-volume adiabatic gas exchange process; (4) the gas flow through the solenoid valve is equivalent to the flow of the throttle orifices; the performance of each solenoid valve is consistent.



2.2.1. The Inflation and Deflation Model of the Air Spring


Due to the small contact surface and fast airflow with the pipe wall when the air flows through the small hole, the solenoid valve orifice can be regarded as an equivalent throttling orifice. Therefore, the nonlinear model of the airflow characteristics for the solenoid valve can be expressed as Equation (1) [19].
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where qm is the mass flow rate, μ is the gas path flow resistance coefficient; A is the cross-sectional area of the throttle orifice, k is the gas adiabatic coefficient taken as 1.4, R is the gas molar constant, Tu is the temperature of the upstream gas; pu and pd are the upstream and downstream absolute pressures of the solenoid valve, respectively; and σe is the critical gas pressure ratio taken as 0.5283.



Considering that the time of the gas spring charging (discharging) process is very short when the solenoid valve is opened, the heat exchange during the gas flow process at the solenoid valve can be ignored. Therefore, the gas charging (discharging) process can be regarded as an adiabatic gas charging (discharging) process. According to the first law of thermodynamics, the absolute pressure of the gas inside the air spring can be obtained as shown in Equation (2) [20].


    d  p 1    d t   = −   k β (   z ˙  s  −  q ˙  )    V  10   + β (  z s  − q )    p 1  +   k R  T 2     V  10   + β (  z s  − q )    q m   



(2)




where V10 is the initial volume of the air spring before inflation (deflation), β is the rate of change of the volume of the air spring, T2 is the thermodynamic temperature of the external gas, qm > 0 represents the inflation process, and qm < 0 represents the deflation process.




2.2.2. Equations of Motion for the Single DOF Vehicle with the ECAS


According to the physical model of the single DOF vehicle with the ECAS and Equation (2), the equation of motion for the single DOF vehicle with the ECAS is established as


       m s    z ¨  s  = −  C s  (   z ˙  s  −  q ˙  ) +  A e  (  p 1  −  p 0  ) −  m s  g       p ˙  1  = −   k β (   z ˙  s  −  q ˙  )    V  10   + β (  z s  − q )    p 1  +   k R  T 2   q m     V  10   + β (  z s  − q )   u      
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where Ae is the effective area of the air spring, g is the acceleration of gravity, p0 is the atmospheric pressure, and u is the opening of the proportional solenoid valve.





2.3. Comparative Analysis of the Model Differences


To verify the accuracy of the constructed AMESim air spring, an open-loop control method is adopted, where the same control signal is applied to the mathematical model and the AMESim simulation model, respectively. The values of the simulation parameters of the two models are shown in Table 2 [21], in which the control signal is a square wave signal with a period of 4.0 s, a solenoid valve opening of 20%, and a duty cycle of 35%, as shown in Figure 4. Based on the simulation data of the two models, the steady state response values of three parameters such as the displacement zs, the absolute air pressure of the airbag, and the gas mass flow rate are extracted. The results are compared as shown in Table 3. In order to further visualize the dynamical response process and transient response differences between the two models, the time histories of these three parameters were plotted, and the results are shown in Figure 5, Figure 6 and Figure 7.



A comprehensive analysis of Table 3 and Figure 5, Figure 6 and Figure 7 show that under the same square wave control signal, the responses of both models are consistent. Further comparative analysis shows that although the differences between the steady-state results are small, the differences in the transient process are greater. The main reason for the differences is that there are many simplified conditions in the mathematical model. The comparison results show the validity of the proposed AMESim simulation model. It also shows that the AMESim simulation model can more deeply portray the detailed characteristics of the transient fluctuation of the gas pressure inside the airbag than the mathematical model. Therefore, establishing the AMESim model for trucks will be more helpful in analyzing the process characteristics and detailed features of the vehicle height control strategy. It will help to develop a more practical vehicle height control strategy. Therefore, the following section adopted the ECAS model based on the AMESim software.





3. Modeling of the Half-Truck with the ECAS


3.1. The Dynamic Model of the Half-Truck


The lateral load distribution of the truck in actual operation is more uniform, which has less influence on the frame height adjustment [22]. Therefore, this study carries out research based on the half-truck model, as shown in Figure 8, where m is the sprung mass; z is the vertical displacement at the center of mass; θ is the pitch angle; Ic is the frame moment of inertia; a, b1, and b2 are the horizontal distances from the front, middle, and rear axes to the center of mass, respectively; Fk1 is the spring force of the front suspension; Fa2 and Fa3 are the forces of the air springs of the middle suspension and the rear suspension, respectively; and Fci represents the damping force at the corresponding positions, where i = 1~3.



Using Newton’s second law, the dynamic equations can be expressed as:



(1) The equation of vertical motion:


  m  z ¨  = ( −  F  c 1   −  F  k 1   −  F  c 2   +  F  a 2   −  F   c 3    +  F  a 3   − m g )  



(4)







(2) The equation of pitch motion:


   I c   θ ¨  = a (  F  k 1   +  F  c 1   ) +  b 1  (  F  a 2   −  F  c 2   ) +  b 2  (  F  a 3   −  F  c 3   )  



(5)







The frame vertical displacements are at the installation position of each suspension, given that the pitch angle of the truck being studied is small. Formula (6) is allowed to directly use the angle value instead of the sine value of the angle:


       x 1  = z − a θ      x 2  = z +  b 1  θ      x 3  = z +  b 2  θ      



(6)








3.2. The Co-Simulation Model of the Half-Truck with the ECAS


The ECAS model for the half-truck is established based on the AMESim software, as shown in Figure 9, respectively. According to the established dynamic equations for the ECAS model based on the AMESim software, the co-simulation model of the half-truck with the ECAS is established based on the Simulink software and the AMESim software, as shown in Figure 10. The information exchange of the force state, the motion state, and control signals is through the Co-simulation Interface module. The parameter settings of the co-simulation model are shown in Table 4 [23], where K1 is the stiffness of the front suspension, and Ci is the damping coefficient of the corresponding suspension.





4. The Design of the Fuzzy Controller and the Height Control Strategy


4.1. The Design of Fuzzy Controller for the Truck Height


The fuzzy control algorithm, as an empirical and linguistic-based control method, features its core strengths in its formidable adaptability and robustness towards complex systems [24,25]. For systems challenging to articulate precisely with standard mathematical models, such as nonlinear, time-variant systems, and those incorporating uncertain elements, fuzzy control offers an effective control strategy [26,27,28]. This algorithm can not only manage the uncertainty and complexity inherent in these systems, but also due to its rule-based control logic, it becomes more intuitive and easier for engineers to comprehend and implement [29]. Within the domains of automation and control, especially in electrical control development, the attributes of the fuzzy control algorithm are highly regarded. Facing control systems with intricate structures and where establishing precise mathematical models proves difficult, like the truck electronic control air suspension system, the importance of fuzzy control algorithms becomes particularly pronounced. The truck electronic control air suspension system is structurally complex. It involves intense nonlinearity and time-variant characteristics throughout its operation, making it challenging to achieve the desired control outcomes with traditional control methods. Therefore, this study adopts the fuzzy control algorithm to achieve the frame height control of the truck with the ECAS system.



This study focuses on the frame height regulation. Therefore, the control deviation e and the deviation change rate ec of the body height are defined as the input variables of the fuzzy controller. The output value of the fuzzy controller is the solenoid valve opening u. The fuzzy domain of the input and output variables is set to [−6, 6], as shown in Figure 11. The language describing the input and output fuzzy variables is divided into seven classes: NB (negative large), NM (negative medium), NS (negative small), ZE (zero), PS (positive small), PM (positive medium), and PB (positive large). The triangular affiliation function is selected as the affiliation function for the fuzzy inputs E, EC, and output U, respectively. The fuzzy controller is the Mamdani model, and the center of gravity method is used for clarity to obtain u. The fuzzy control rules are shown in Table 5, and the fuzzy rule surface diagram is shown in Figure 12. The aforementioned design method, once input into MATLAB/Simulink’s (2022b) fuzzy logic controller module, can accomplish the software design for the fuzzy controller.




4.2. Height Control Strategy of the Truck with the ECAS


4.2.1. The Mode Analysis of the Height Control


The precise control of the frame height of the truck in the parked state can facilitate the loading and unloading of goods, driver boarding, and improving vehicle passability [30]. Considering the actual engineering requirements, the following three typical height control modes are proposed: (1) loading and unloading mode to facilitate the loading and unloading of goods; (2) bad road mode with poor road conditions; (3) high-speed mode to reduce the wind resistance of the body. The target heights of the chassis frame corresponding to the proposed three modes are shown in Table 6.




4.2.2. Design of the Height Control Strategy


Based on the above three height control modes and their corresponding target heights, the following control strategy is proposed to address the frame height adjustment: firstly, the driver selects the appropriate height mode according to the demand; secondly, the actual height of the frame at this time is transmitted to the controller through the sensors, and the controller compares it with the target height under the mode. Finally, the controller transmits the solenoid valve opening signal to the three-position solenoid valve with three-way and the switching valves of the middle and rear axles to complete the frame height adjustment. However, there is the problem of conflicting control sequences of the solenoid valves in the height control process, which aggravates the frame attitude destabilization. To address this problem, a height control strategy is proposed, as shown in Figure 13.



As can be seen from Figure 13, when the frame height is lower than the target height, the air springs need to be inflated to raise the vehicle height. However, due to the different loads borne by each air spring, the rising height of the air spring is not consistent. At this time, it can close the switching valve of the air spring below the target height and turn the reversing valve to deflate the air spring above the target height. Until all air springs are below the target height, one must turn the reversing valve again, open the previously closed switching valve, and carry out the inflation operation.






5. Simulation Analysis of the Height Control Strategy for the Truck with the ECAS


According to the frame height control strategy shown in Figure 13, the fuzzy controller is connected to the established co-simulation model of the half-truck. Three typical height adjustment modes were simulated and analyzed on the AMESim/Simulink co-simulation platform; the simulation time was set to 15.0 s, the fixed step size was 0.01 s, and the solver was selected as ode4.



5.1. Height Tracking Performance Analysis


The static equilibrium position of the suspension system is taken as the initial height, and the step target height signal is given at 1.0 s. The simulation results of the loading and unloading mode and the bad road mode are given in the following, as shown in Figure 14 and Figure 15, and Table 7.



In the height control mode simulation, the switching controller is used to compare with the fuzzy controller designed in this study. The control logic of the switch control method is as follows: if the current height of the truck’s frame deviates from the target frame height by an error greater than the predetermined threshold, the controller issues a control signal. Upon receiving this control signal, the solenoid valve executes either a fully open or fully closed action, thereby inflating or deflating the air springs to adjust the height of the truck’s frame accordingly, in which the height dead zone of the switching controller is set to ±3 mm [7]. As shown in Table 7, the height steady-state error and the frame pitch angle steady-state values of the switch controller are less than 2.5 mm and 0.3°, respectively. The height steady-state error and the frame pitch angle steady-state values of the fuzzy controller are less than 0.1 mm and 0.2°, respectively. Compared with the classical switch control method, the control method proposed in this paper can effectively improve the frame height control accuracy by about 10% and reduce the attitude angle by more than 30%.



For the switching controller, after reaching the height dead zone, the solenoid valve is closure. However, due to the inertia of the frame mass and the partial gas pressure for balancing to overcome the damping force of the damper, it will lead to a brief rise or fall of the frame height, but it is still a large difference with the target height. Figure 14 and Figure 15 clearly depict this phenomenon. The fuzzy controller designed in this study can make real-time fine-tuning of the solenoid valve opening in the process of the frame height lifting and lowering in order to achieve precise control. The frame height response curve can quickly and smoothly converge to the target height without overshooting for the fuzzy controller.



The results show that the fuzzy controller designed, compared with the switch controller, can effectively reduce the steady state error of the frame height control and improve the frame height adjustment accuracy. Moreover, using the proposed control strategy of the frame height adjustment for trucks, the steady state value of the frame pitch angle is smaller, and the frame attitude destabilization caused by the conflict of solenoid valves in the process of air springs inflation and deflation can be effectively avoided.




5.2. Robustness Analysis


To verify the adaptive robustness of the control method proposed in this paper when the truck load changes, we took the sprung mass shown in Table 4 as a benchmark to increase and decrease 30%, respectively. Then, the tracking effect of the target height, which corresponds to the high-speed mode, was compared and analyzed under three different loads conditions. The results are shown in Figure 16. From Figure 16a, it can be seen that the switching control is difficult to effectively suppress the nonlinear characteristics of the air spring inflation and deflation process under different loads, and the target height offset tends to increase with the increase of load. In contrast, it can be seen from Figure 16b that the frame height response curves of the proposed control method in this paper can reach the target height quickly and smoothly, and its steady state error tends to be close to 0, which is almost unaffected by the load change. The results show that the designed fuzzy controller has strong adaptive robustness.





6. Conclusions


To address the phenomena of large height error and attitude destabilization that occur in the process of regulating the height of trucks with the ECAS, theoretical modeling, control strategy design, simulation verification, and analytical research were carried out, and the main conclusions are as follows:



(1) By comparing the AMESim model and the mathematical model of the single DOF vehicle with the ECAS, it can be concluded that there are significant differences in the transient process of the dynamic response of air springs between the two models. The main reason for the differences is that the mathematical model has more assumptions and simplified conditions. The AMESim model can more deeply portray the detailed characteristics of the transient fluctuation of the gas pressure inside the air spring than the mathematical model. (2) The co-simulation model of the half-truck with the ECAS was constructed, which provides a more refined dynamic model for the design and effectiveness verification of the height control strategies for trucks with the ECAS. (3) Based on the fuzzy control theory, a fuzzy controller of the frame height is designed, and three typical height control modes and control strategies are proposed based on the requirements of the truck’s actual use scenarios. These form a relatively complete height control method for trucks with the ECAS. (4) The simulation analysis results show that the proposed control method has better control effectiveness and robustness. It can effectively reduce the height error and avoid the attitude destabilization in the control process of the ECAS.
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Figure 1. Air spring inflation and deflation circuit. 
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Figure 2. Physical model. 






Figure 2. Physical model.
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Figure 3. The simulation model of the single DOF vehicle with the ECAS. 
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Figure 4. Control signal. 
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Figure 5. The displacement zs. 
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Figure 6. The gas pressure in the airbag. 
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Figure 7. The mass flow. 
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Figure 8. The physical model of the half-vehicle. 
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Figure 9. The ECAS model for the half-truck. 
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Figure 10. The co-simulation model. 
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Figure 11. The curves of the affiliation functions. 
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Figure 12. The surface diagram of the fuzzy regular. 
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Figure 13. The height control strategy. 
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Figure 14. The loading and unloading mode: (a) Frame height; (b) Pitch angle; (c) Solenoid valve opening. 
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Figure 15. The bad road mode: (a) Frame height; (b) Pitch angle; (c) Solenoid valve opening. 
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Figure 16. Simulation results of high-speed mode: (a) Switching control; (b) Fuzzy control. 
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Table 1. Selection of each sub-model.
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	Simulated Component
	Sub-Model
	Simulated Component
	Sub-Model





	High pressure air source
	PNCS001
	Air spring
	PNRP18/PNCH012



	Barometric pressure
	PNAS001
	Shock absorber
	DAM000



	Solenoid valve
	PNPV003
	Sprung mass
	MAS002










 





Table 2. The model parameters of the single DOF vehicle with the ECAS.
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	Parameter
	Value
	Parameter
	Value





	ms/kg
	382
	Ae/m2
	9.00 × 10−3



	Cs/(N∙s∙m−1)
	3500
	V10/m3
	2.20 × 10−3



	p1/MPa
	0.41
	k
	1.40



	pu/MPa
	0.80
	R/(J∙kg−1∙K−1)
	287



	p0/MPa
	0.10
	Tu/K
	298



	A/m2
	3.14 × 10−6
	g
	9.80










 





Table 3. Comparison of the simulation results.
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	Parameter
	Mathematical Model
	AMESim Model
	Relative Error





	Sprung mass displacement/(m)
	0.05961
	0.05759
	−3.39%



	Gas pressure/(Pa)
	424,387
	427,470
	0.73%



	Gas mass flow rate/(kg∙s−1)
	0.00109
	0.00105
	−3.67%










 





Table 4. Parameter value of the co-simulation model.
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	Parameter
	Value
	Parameter
	Value





	m/kg
	6435
	b1/m
	0.7620



	K1/(N∙m−1)
	121,306
	b2/m
	2.1336



	C1/(N∙s∙m−1)
	17,049
	Ic/(kg∙m2)
	35,711



	C2/(N∙s∙m−1)
	28,845
	Ae/m2
	4.83 × 10−2



	C3/(N∙s∙m−1)
	28,845
	V10/m3
	1.23 × 10−2



	a/m
	4.1402
	A/m2
	6.23 × 10−6










 





Table 5. Fuzzy control rules.
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EC

	
E




	
NB

	
NM

	
NS

	
ZO

	
PS

	
PM

	
PB






	
NB

	
NB

	
NB

	
NB

	
NB

	
NB

	
NB

	
NB




	
NM

	
NB

	
NB

	
NB

	
NM

	
NM

	
NM

	
NM




	
NS

	
NB

	
NB

	
NM

	
NS

	
NS

	
NS

	
NS




	
ZO

	
NM

	
NM

	
NS

	
ZO

	
PS

	
PM

	
PM




	
PS

	
PS

	
PS

	
PS

	
PS

	
PM

	
PB

	
PB




	
PM

	
PM

	
PM

	
PM

	
PM

	
PB

	
PB

	
PB




	
PB

	
PB

	
PB

	
PB

	
PB

	
PB

	
PB

	
PB











 





Table 6. Mode and target height of the frame.
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	Mode
	Frame Height Value
	Purpose





	Loading and unloading mode
	−20.0 mm
	Ease of truck handling



	Bad path mode
	+20.0 mm
	Improving truck passability



	High-speed mode
	−15.0 mm
	Improving fuel economy










 





Table 7. Analysis of co-simulation results.
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Performance Analysis

	
Loading and Unloading Mode

	
Bad Road Mode




	
Switching

	
Fuzzy

	
Switching

	
Fuzzy






	
Frame height (mm)

	
Target height

	
−20.0

	
20.0




	
Actual height

	
−17.5

	
−19.9

	
18.3

	
20.1




	
Steady-state error

	
2.5

	
0.1

	
−1.7

	
0.1




	
Frame pitch angle (°)

	
Steady-state value

	
−0.2

	
−0.1

	
0.3

	
0.2
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